Elongation growth of etiolated hypocotyls of cress (Lepidium sativum L.) was suppressed when they were exposed to basipetal hypergravity at 35 x g and above.
Introduction
The cell wall plays a principal role in sustaining the aerial parts of a plant under Ixgon earth, as does the bone and muscle in an animal body. The chemical and mechanical properties of the cell wall appear to be modified under altered gravity conditions. In fact, the amounts of certain components of the cell wall, such as cellulose and lignin, were reduced under a microgravity environment in space (Cowles et al., 1984; Nedukha, 1996) . The decrease in levels of cell wall polysaccharides and phenolics was also observed under microgravity conditions simulated by water submergence (Masuda et al., 1994a) . Such quantitative (and probably also qualitative) changes in cell wall components may cause a modification of the mechanical properties of the cell wall, leading to changes in the growth and development of higher plants. However, relatively few studies on cell wall properties have been carried out under a microgravity environment, because it is difficult to produce real microgravity conditions for enough time on' earth and the opportunity for space experiments is still limited.
Hypergravity conditions can be produced on earth by centrifugation. Acceleration due to centrifugation has been used to analyse the mechanism of gravity perception (Sievers and Heyder-Caspers, 1983; Wendt and Sievers, 1986) and gravicurvature (Lee et al., 1990) . Changes in elongation growth (Waldron and Brett, 190; Kasahara et al., 1995a, b) , auxin transport (Ouitrakul and Hertel, 1969) , circumnutation (Brown and Chapman, 1977) , and starch metabolism (Brown and Piastuch, 1994) have also been studied under hypergravity conditions. As to the properties of the cell wall, Waldron and Brett (1990) first analysed the cell wall composition of epicotyls and roots of pea (Pisum sativum L.) grown under hypergravity conditions and observed some changes in the amounts of cell wall polysaccharides and lignin. Recently, Kasahara et al. (1995a) reported an increase in cell wall polysaccharides per unit length of hypocotyl of radish (Raphanus sativus L.) and cucumber (Cucumis sativus L.). However, changes in the physical properties of the cell wall under hypergravity conditions have not yet been studied. In the present study, the effect of hypergravity on growth, the mechanical properties of the walls, and the levels of cell wall polysaccharides and lignin in upper and lower halves of cress hypocotyls were examined. Preliminary results of the study have been cited in reviews (Masuda et al., \994a, b) .
Materials and methods

Plant material and culture conditions
Seeds of cress (Lepidium sativum L.) were germinated on filter paper moistened with water at 25 °C for 20 h in the dark. Germinated seedlings were planted in a small cavity on 1.2% agar in a centrifuge tube and incubated at 24 °C for an additional 16 h in the dark. The tube was roughly covered with aluminium foil to maintain moisture but to allow free gas exchange. Seedlings were exposed to various degrees of hypergravity in the basipetal (rooting in) direction with a remodelled centrifuge (model 8700, Kubota, Tokyo, Japan), the rotation room of which had been expanded so as to secure shelf space for \xg control seedlings. Seedlings in the tube were exposed to hypergravity in a swinging bucket rotor attached to the centrifuge at 25 °C in the dark, while control seedlings were attached vertically to the fixed shelf in the same rotation room. The magnitude of acceleration was regulated by changing the speed of rotation. Seedlings were collected every 12 h after the start of rotation and the length of the hypocotyls was measured. Each growth experiment was repeated at least three times.
Mechanical properties of the cell wall
Cress hypocotyls were separated into upper and lower halves and then fixed in boiling methanol. After rehydration the mechanical properties of the cell wall were measured by the stress-relaxation method with a tensile tester (Tensilon RTM-25, Toyo Baldwin, Tokyo, Japan) connected to a personal computer. The segments were fixed between two clamps and stretched at 0.33 mm s" 1 until a stress of 10 g was produced in the samples. The tension as a function of time was recorded at ms intervals. The mechanical extensibilty (strain/stress) was calculated from the total extension of the samples and the extension rate. The minimum stress-relaxation time was calculated by the method of Yamamoto et al. (1970) .
Analyses of cell wall components
Fixed hypocotyl halves were ground in a mortar, and then washed twice each with cold water, acetone, a mixture of methanol and chloroform (1:1. v/v), and ethanol. The cell wall material was treated with 10 units ml" 1 a-amylase (EC 3.2.1.1, from porcine pancreas, Sigma, St Louis. MO, USA) for 3 h at 37 "C, and thoroughly washed with water. The cell wall preparation was successively extracted four times (1 h each) at 70 °C with 20 mM ammonium oxalate (pH4.0), three times (18 h each) at 25 C with 4% (w/v) KOH and three times (18 h each) at 25 C with 24% (wv) KOH. These extractions yielded the pectin, the hemicellulose I and the hemicellulose II fractions. The hemicellulose fractions were neutralized with acetic acid and dialysed against water. The residues after 24% KOH extraction were washed with 0.1 M acetic acid and water (cellulose fraction). The cell wall fractions were lyophilized. The cellulose fraction was dissolved by treatment in 72% (v/v) sulphuric acid for 1 h at 25 °C with stirring. Sugar was determined by the phenol-sulphuric acid method (Dubois et al., 1956 ) and expressed as glucose equivalents.
The lyophilized pectin and hemicellulose fractions were hydrolysed with 2 M trifluoroacetic acid for 1 h at 121 °C. After the trifluoroacetic acid had been removed by evaporation under a stream of air at 50 °C, the sugars were reduced with sodium borohydride in 1 M ammonia, and acetylated with acetic anhydride at 121 °C for 3 h. The acetylated alditols were analysed by a gas chromatograph (GC-14A, Shimadzu, Kyoto, Japan) according to the method of Albersheim et al. (1967) .
The cellulose fraction was dissolved in 25% (v/v) acetyl bromide in acetic acid and then kept at 70 °C for 30 min in a capped test tube. After cooling, the same volume of 2 M NaOH was added. The mixture was centrifuged at 3 000 xg for 10 min. 7.5 M hydroxylamine was added to the supernatant, and the amount of lignin was determined with an absorbance of the final solution at 280 nm (Jaegher et al., 1985) .
Results
Growth and the mechanical properties of the cell wall
Elongation growth of cress hypocotyls was suppressed by increasing gravity. The suppression of elongation for the first 12 h was detected at 10 xg and became significant at 35 xg (Fig. 1) . At 135 xg, elongation rate of hypocotyls was only 15% of the 1 x g control. The effect of hypergravity on root growth was not examined in the present study, because roots did not grow straight along the direction of gravity. The mechanical extensiblity and the minimum stressrelaxation time were employed as the measures of the physiological extensiblity of the cell wall. Upper growing regions of control hypocotyls showed a higher mechanical extensibilty and a smaller value of the minimum stress-relaxation time than lower ones (Fig. 2) . Hypergravity at 135xg caused a decrease in the mechanical extensibility and an increase in the minimum stress-relaxation time of the cell wall, suggesting that hypergravity makes the cell wall mechanically rigid. Such changes in the mechanical properties of the cell wall were prominent in the lower regions of hypocotyls.
Levels of cell wall polysaccharides and lignin
The cell wall material of cress hypocotyls grown either at 1 x g or at 135 x g was divided into four fractions and the amount of polysaccharides in each fraction was determined. When expressed on the basis of hypocotyl region, the amount of the hemicellulose I fraction of upper regions and that of the cellulose fraction of lower regions were increased by hypergravity treatment, whereas other fractions did not show clear change (data not shown). Hypergravity also did not influence the ratio of neutral to acidic sugars in the pectin fraction. On the other hand, the amounts of polysaccharides per unit length of hypocotyls increased in all fractions under the hypergravity Hypergravity and cell walls 515 condition (Fig. 3) . The increase in the amount of cellulose in the lower regions was particularly conspicuous. Under the hypergravity conditions, the proportion of the cellulose fraction among cell wall polysaccharides increased in the lower regions (data not shown). The pectin fraction of cress hypocotyls mainly consisted of rhamnose, arabinose, and galactose (Fig. 4) . In the pectin fraction, the proportion of arabinose was higher while that of galactose was lower in the upper regions of hypocotyls than the lower ones, suggesting that there are some differences in chemical structure of arabinogalactans between the two regions. Hypergravity did not influence the neutral sugar composition of the pectin fraction (Fig. 4) .
The hemicellulose I and II fractions were combined and the composition in neutral sugars of this total hemicellulose was determined (Fig. 5) . The hemicellulose fraction was mainly composed of arabinose, xylose, galactose, and glucose. The fraction from the upper regions of the hypocotyls contained a higher ratio of arabinose and a lower ratio of xylose and glucose, compared with the lower ones. Thus, some differences were detected in the structure and the level of hemicellulosic polysaccharides between the upper and the lower regions. However, hypergravity did not influence the neutral sugar composition of the hemicellulose fraction (Fig. 5) .
The cell wall of cress hypocotyls contained low but significant levels of lignin. The amounts of lignin per hypocotyl region and per unit length were higher in the upper regions than the lower ones (Table 1) . Hypergravity caused an increase in the amount of lignin, especially when expressed on the basis of unit length, in both the upper and lower regions.
Discussion
Elongation growth of cress hypocotyls was significantly suppressed by basipetal hypergravity at 35 x g and above (Fig. 1) . The critical value of acceleration for suppression of cress hypocotyl growth roughly corresponded to that reported in epicotyls and roots of pea (Waldron and Brett, 1990 ) and hypocotyls of radish and cucumber (Kashara et al., 1995a) . Hypergravity also caused a decrease in the mechanical extensibilty and an increase in the minimum stress-relaxation time of the cell wall of cress hypocotyls (Fig. 2) . These results suggest that hypergravity suppresses elongation growth of stems by making the cell wall mechanically rigid.
Elongation of cress hypocotyls occurred mostly in the upper regions both under 1 xg and hypergravity conditions (data not shown). On the contrary, changes in the mechanical properties of the cell wall due to hypergravity were more clearly observed in the lower regions of hypocotyls (Fig. 2) . These results indicate that the cell wall changes induced by hypergravity treatment in the lower regions are not directly associated with cell elongation. However, the wall stiffening in the lower regions may contribute to sustain the plant structure against hypergravity and maintain growth capacity in the upper regions. In fact, elongation of cress hypocotyls for the next 12 h (between 12 and 24 h after initiation of hypergravity treatment) was not suppressed until 80xg (data not shown).
Under the present experimental conditions, the basal regions of hypocotyls were exposed to about 10% higher acceleration compared with apical regions. This might be one of the reasons why changes in the mechanical properties of the cell wall due to hypergravity were prominent in the lower regions. In cucumber hypocotyls, growth suppression and the cell wall thickening were brought about not only by basipetal but by acropetal hypergravity (Kasahara et al., 1995a) . However, it was difficult to expose cress seedlings to acropetal hypergravity in the present experimental system.
Hypergravity caused an increase in the amounts of cell wall polysaccharides and lignin per unit length of hypocotyls ( Fig. 3 ; Table 1 ). The plant appears to construct the thick and tough cell wall in response to hypergravity to support its structure. Of the different cell wall components, the amount of cellulose was most clearly correlated with the mechanical properties of the cell wall. The contribution of lignin to the mechanical properties of the cell wall may be small, because the level of lignin is low and because it is higher in the upper, growing regions (Table 1 ). The increase in the minimum stress-relaxation time of the cell wall under the hypergravity condition appears to be caused by an increase in viscosity (Masuda, 1990; Sakurai, 1991) . In general, viscosity of the cell wall is determined by the nature of various non-cellulosic polysaccharides (Masuda, 1990; Hoson, 1991; Sakurai, 1991) . However, hypergravity did not influence the neutral sugar composition of either the pectin or the hemicellulose fractions of cress hypocotyls (Figs 4, 5) . Similar results were reported in hypocotyls of radish and cucumber (Kasahara et al., 1995a) although, in pea epicotyls, hypergravity caused some changes in sugar composition (Waldron and Brett, 1990) . Effects of hypergravity on other biochemical and physicochemical properties of noncellulosic polysaccharides are under investigations.
In general, gravity stimulates the production of ethylene which induces lateral expansion and the cell wall thickening of stems (Abeles, 1973) . Thus, the wall thickening observed under hypergravity could be attributed to the ethylene produced. However, the cell wall thickening due to hypergravity mainly occurred in the lower regions (Fig. 3) , whereas the lateral expansion due to ethylene is induced in the upper ones. Furthermore, no significant differences in ethylene concentration were detected in the atmosphere of the culture tube between control and hypergravity treatment (data not shown). These results suggest that the above possibility can be ignored in the present study.
The cell wall plays a principal role in regulation of growth and development of higher plants. Under microgravity conditions simulated by water submergence, plants form thinner cell wall (Masuda et al., 1994a, b) . Although the cell wall extensibility of whole organs was not changed merely by compensating the unilateral influence of gravity by clinostat rotation (Hoson et al., 1992; Masuda et al., 1994a, b) , the spontaneous curvature of shoots and roots on a three-dimensional clinostat can be explained by a modification of cell wall properties (Hoson, 1994; Hoson et al., 1995) . Nevertheless, little is known about changes in the cell wall under real microgravity in space. The present results show that in cress hypocotyls hypergravity causes an accumulation of cell wall polysaccharides, especially cellulose, and thus makes the cell wall thick and rigid. From the trends observed in hypergravity experiments, it might be possible to deduce that the results will follow the opposite trend under microgravity conditions. By effective use of centrifugation, it may be possible to predict events that may be expected to occur during plant growth in a microgravity environment.
